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OPTICAL FIBER AND SYSTEM CONTAINING SAME 

Technical Field 

The invention relates to optical fibers (e.g., fiber amplifiers and fiber lasers), and 
systems containing optical fibers (e.g., fiber amplifier systems and fiber laser systems). 

Backgroimd 

Certain optical fibers can be used as fib^ amplifiers or fiber lasers. 

Fiber* amplifiers are typically used to amplify an input signal Often, the input 
signal and a pun^ signal are combined and passed through the fiber amplifier to amplify 
the signal at the input wavelength. The amplified signal at the input wavelength can then 
be isolated firom die signal at undesired wavelengths. 

Raman fiber lasers can be used, for example, as energy sources. In general, 
Raman fiber lasers include a pump source coupled to a fiber, such as an optical fiber, 
having a gain medium with an active material. Energy ^tted firom the pump source at a 
certain wavelengdx Xp, commonly referred to as the pump energy, is coupled into the 
fiber. As the pxxmp energy interacts with the active material in the gain medium of the 
fiber, one or more Raman Stokes transitions can occur within the fiber, resulting in the 
formation of energy within the fiber at wavelengths corresponding to the Raman Stokes 
shifts that occur (e.g., Xs3, K^, etc.). 

Typically, a Raman fiber laser is designed so that the energy formed at one or 
more Raman Stokes shifts is substantially confined within die fib^r. This can enhance 
the formation of mergy wiftiin the fiber at one'or more higfher order Raman Stokes shifts. 
Often, the fiber is also designed so diat at least a portion of the energy at wavelengths 
corresponding to predetemuned, higher order Raman Stokes shifts (e.g., Xsa, where x is 
equal to or greater than one) is allowed to exit the fiber. 

Snmmary 

In general, the invention relates to optical fibers (e.g., fiber amplifiers and fiber 
lasers), and systems containing optical fibers (e.g., fiber amplifier systems and fiber laser 
systems). 
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In one aspect, the invention features a fiber (e.g., a &her laser or a fiber amplifier). 
The fiber includes an optical fiber having a first section and a second section coupled to 
the first section. The first section has a gain medium including a first active material, and 
the second section has a gain medium including a second active material. The second 
active material can be the same as or different than the first active material. Hie optical 
fib^ also includes a first reflector disposed in the first section of the optical fiber. The 
first reflector is configured to reflect substantially all energy impinging thereon at a first 
wavelength. The optical fiber fiurther mcludes a second reflector disposed in the optical 
fiber outside the first section of the optical fiber. The second reflector is configured to 
reflect substantially all energy impinging thereon at fbs first wavelength. 

In another aspect, the invention features a system that includes an energy source 
Citable of emitting energy at a pump wavelength and a fiber (e.g., a fiber amplifier or a 
fiber laser). The fiber includes an optical fiber having a first section and a second section 
coupled to the first section. The first section has a gain medium including a fu:st active 
material, and the second section has a gain medium includmg a second active material. 
The second active material can the same as or different than the first active material. The 
optical fiber also includes a first reflector disposed in the first section of the optical fiber. 
The first reflector is configured to reflect substantially all energy impinging thereon at a 
first wavelength. The optical fiirdier includes a second reflector disposed in the optical 
fiber outside the first section of the optical fiber. The second reflector is configured to 
reflect substantially all energy impinging thereon at the first wavelength. The energy 
source and the optical fiber are configured so fiiat energy at the pump wavelragth emitted 
by the energy source can be coupled into the optical fiber. 

Jn another aspect, the invention features a fiber (e.g., a fiber amplifier or a fiber 
laser). The fiber includes an optical fiber havmg a first section and a second section 
spliced to the first section. The first section has a gsia medium including a first active 
mat^al, and the second section has a gain medium including a second active material. 
The second active material can be the same as or different than &e first active material. 
The optical fiber also includes a first reflector disposed in the first section of the optical 
fiber, and the first reflector is configured to reflect substantially all energy impinging 
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thereon at a first wavelength. The optical fiber fiirther mcludes second reflector disposed 
in the second section of the optical fiber, and the second reflector is configured to reflect 
substantially all energy impinging thereon at flie first wavelength. In addition, fte optical 
fiber includes a third reflector disposed in the second section of the optical fiber. The 
third reflector is configured to partially reflect energy impinging thereon at a second 
wavelength different than the first wavelength. The optical fiber also includes a fourth 
reflector disposed in the second section of the optical fiber and between the first and third 
reflectors. The fourth reflector is configured to reflect substantially all energy impinging 
thereon at the second wavelengdi. 

In a fiirther aspect, the invention features a fiber system (e.g., a fiber laser syst^ 
or a fiber amplifier system). The system includes an energy source capable of emitting 
en^gy at a pump wavelength and a fiber. The fiber includes an optical fiber having a 
first section and a second section spliced to the first section. The first section has a gain 
medium including a first active material, and the second section has a gain medium 
including a second active material. The second active mat^al can be flie same as or 
different than the first active material. The optical fiber also includes a first reflector 
disposed in the first section of the optical fiber, and fhe first reflector is configured to 
reflect substantially all energy impinging thereon at a first wavelength. The optical fiber 
fiirther includes second reflector disposed in the second section of ttie optical fiber, and 
the second reflector is configured to reflect substantially all energy impinging thereon at 
the first wavelength. In addition, the optical fiber includes a third reflector disposed in 
the second section of the optical fiber. The third reflector is configured to partially reflect 
en^gy impinging thereon at a second wavelength different than the first wavelength. 
The optical fiber also includes a fourth reflector disposed in the second section of the 
optical fiber and between the first and third reflectors. The fourth reflector is configured 
to reflect substantially all energy impinging thereon at the second wavelengtii. The 
energy source and the optical fiber are configured so that energy at the pump wavelength 
emitted by the energy source can be coupled into the optical fiber. 

La one aspect, the invention features a fiber (e.g., a fiber amplifier or a fiber laser) 
including an optical fiber havmg N sections. The N sections are coiq>led together. At 
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least one of the N sections of the optical fiber has a gain medium with an active material. 
The optical fiber also includes a plurality of reflectors disposed in the optical fiber. N is 
an integer having a value of at least three. 

N can be, for example, 3, 4, 5, 6, 7, 8, 9 or 10. 

At least two of the N sections of the optical fiber can have a gain medium with an 
active material. The active material in one of the at least two of the N sections of the 
optical fiber can be different than an active material of another of the N sections of the 
optical fiber havmg a gain medium. 

Each of the N sections of the optical fiber have a gain medium with an active 
material. 

The optical fiber can have a first section with an end configured to receive energy 
at a wavelength X^. The first section of the optical fiber can have a first reflector disposed 
therein. The first reflector can be configured to reflect substantially all energy impinging 
thereon at a wavelength X^u where - ^i"^ (^^^0 is the Raman Stokes shift 

firequency for an active material in a gain medium in the first section of the optical fiber, 
and c is the speed of light 

The optical fiber can have an N* section with an end opposite the end of the first 
section. The N* section of the optical fiber can have a first reflector disposed therein. 
The first reflector can be configured to reflect substantially all energy impinging thereon 
at a wavelength )^i„, where Xsin' - XsKn-i/^ - KC^ > and (cA^) is the Raman Stokes shift 
firequency for an active material in a gain medixun m the N* section of the optical fiber. 

The Nth section of the optical fiber can have a second reflector disposed therein. 
The second reflector can be configured to partially reflect energy impinging thereon at 
the wavelength Xsm. 

The Nth section of the optical fiber can have a third reflector disposed therein. 
The third reflector can be configured to reflect substantially all energy impinging thereon 
at the wavelength Xsi(n-i), where Xsi(n.i)"* =^ A^i(n-2)'^ - A^n-i)'^ , and (cAf(n.i)) is the Raman 
Stokes shift frequency for the active material in tixe (N-1)*^ section of the fiber. 

Each of the remaining sections of the optical fiber can have two reflectors 
disposed therein. One of the reflectors disposed in each of the remaining sections of the 
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wavelength Xs\m. where Xsim'^ = 'ksnm-i)^ - W\ Xsum-i), and (cA^) is the Raman Stokes 
shift frequency for an active material in the section of the fiber. 

The other reflectors can be disposed in each of the remaining sections of the 
optical fiber and configured to reflect substantially all energy impinging thereon at a 
wavelength Xsi(m-i), where Xs\{jmA)^ == ^i(m-2)"^ - (cA^m-i)) is the Raman Stokes 

shift frequency for an active material in an immediately preceding section of the optical 
fiber. 

Each of the remaining sections of the optical fiber can have two reflectors 
disposed therein. One of the reflectors disposed in each of the remaining sections of the 
optical fiber can be configured go reflect substantially all energy impinging thereon at a 
wavelength Xsim, where Xgim'^ = ^Km-i/* - hm'\ ^um-i), and (cArm) is the Raman Stokes 
shift frequency for an active material in the section of the fiber. 

In another aspect, the invention features a fiber system (e.g. a fiber amplifier 
system or a fiber laser system) that includes an energy source and a fiber. The fiber 
includes an optical fiber having N sections. The N sections are coupled together. At 
least one of the N sections of the optical fiber has a gain medium with an active material. 
The opticai fiber also includes a plurality of reflectors disposed in the optical fiber. N is 
an integer having a value of at least toee, and the energy source and the optical fiber are 
configured so that energy at a wavelength emitted by the energy source can be coupled 
into the optical fiber. 

In a fiirther aspect, the invention features a fiber (e.g., a fiber amplifier or a fiber 
laser) that includes an optical fiber having at least first and second sections coupled 
together. The first section has a first gain medium with a first active material, and the 
second section has a second gain medium with a second active material different The 
second active material can be the same as or different than the first active material. The 
optical fiber is configured to be capable of receiving energy at a first wavelength and to 
be capable of ou^utting energy at a second wavelength longer than the first wavelength. 
The optical fiber also includes a plurality of reflectors disposed in the optical fiber. The 
plurality of optical fibers are configured so that energy propagating in the optical fiber at 
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the first wavelength undergoes at least one Raman Stokes shift to create energy in the 
optical fiber at the second wavelength, and so that, when the optical fiber receives energy 
at the first wavelength, a power output by the optical fiber at the second wavelength is at 
least about 55% of a power of the energy the optical fiber receives at that first 
wavelength. 

In another aspect, the invention features an article, such as a fiber amplifier or a 
fiber laser, that mcludes an optical fiber having multiple sections. At least two of the 
fiber sections have gain media that containing different active materials. The number of 
sections can be, for example, 3, 4, 5, 6, 7, 8, 9 or 10. Each section can have a gain 
medium. The gain medium in each section can contain the same or different active 
material as ttie other sections of fiber. The article can be used in a system that includes 
an energy source (e.g., a laser) enable of emitting energy that can be coupled into the 
fiber. 

In some embodiments, the invention can provide a Raman fiber laser having a 
relatively high output power at a desired wavelength (e.g., at least about 0.1 Watt, at least 
about 0.5 Watt, at least about one Watt, at least about 2 Watts, at least about 5 Watts, at 
least about40J2i^atts)...Such.a-Raman fibjetlaserjcan Qperajt.e,jDr example, und^ 
conditions of relatively high pump power (e.g., at least about 0.1 Watt, at least about 0.5 
Watt, at least about one Watt, at least about 2 Watts, at least about 5 Watts, at least about 
10 Watts). 

In certain embodiments, the invention can provide a Raman fiber laser having a 
relatively low output power at one or more undesired wavelengths (e.g., less than about 
one Watt, less than about 0.5 Watt, less than about 0.1 Watt, less than about 0.05 Watt). 
Such a Raman fiber laser can operate, for example, under conditions of relatively high 
pump power (e,g., at least about 0.1 Watt, at least about 0.5 Watt, at least about one Watt, 
at least about 2 Watts, at least about 5 Watts, at least about 10 Watts). 

In some embodiments, the invention can provide a Raman fiber laser than can 
convert energy entering the Raman fiber laser at a particular wavelength (e.g., a pump 
wavelength) to energy exiting the Raman fiber laser at a different wavelength (e.g., a 
desired wavelength) with relatively high efficiency (e.g., an efficiency of: at least about 
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35%, at least about 40%, at least about 45%, at least about 50%, at least about 55%, at 
least about 60%, at least about 65%, at least about 70%, at least about 75%, at least about 
80%, at least about 85%, at least about 90%, at least about 95%, at least about 98%). 

In certain embodiments, the invention can provide a Raman fiber laser that can 
convert energy entering the Raman fiber laser at a particular wavelength (e.g., a pump 
wavelength) to energy exiting the Raman fiber laser at wavelengths other than a desired 
wavelength with relatively low efficiency (e.g., an efficiency of: at most about 45%, at 
most about 40%, at most about 35%, at most about 30%, at most about 25%, at most 
about 20%, at most about 15%, at most about 10%, at most about 5%, at most about 2%). 

The Raman fiber lasers can provide these properties when the difference between 
the pump energy and the output energy is any value (e.g., relatively small or relatively 
large). In some embodiments, the difference between the pump energy and the output 
energy can be relatively large (e.g., at least about 100 cm'\ at least about 200 cm\ at 
least about 500 cm'\ at least about 1,000 cm\ at least about 1,250 cm\ at least about 
1,500 cm\ at least about 1,750 cm\ at least about 2,000 cm"*). 

In certain embodiments, the fibers can be used as amplifiers rather than lasers. 

Features, objects and advantages of the invention are in the description, drawings, 
and claims. 

Description of Drawings 
Fig. 1 is a schematic representation of an embodiment of a Raman fiber lasCT 
system; 

Figs. 2A and 2B are cross-sectional views of sections of an optical fiber, 

Figs. 3A-3C are graphs demonstrating the power at three different wavelengths in 

an optical fiber contained in an embodiment of a Raman fiber laser system; 

Fig. 4 is a schematic representation of an embodiment of a Raman fiber laser 

system; 

Fig. 5 is a schematic representation of an embodiment of a Raman fiber laser 
system; 

Fig. 6 is a schematic representation of an embodiment of a Raman fiber laser 
system; 
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Fig. 7 is a schematic representation of an embodiment of a Raman fiber laser 
system; 

Fig. 8 is a schematic representation of an embodiment of a Raman fiber laser 
system; 

Fig. 9 is a schematic representation of an embodiment of a Raman fiber laser 
system; 

Fig. 10 is a schematic representation of an embodiment of a Raman fiber laser 
system; 

Fig. 1 1 is a schematic representation of an embodiment of a Raman fiber laser 
system; 

Fig. 12 is a schematic representation of an embodiment of a Raman fiber laser 
system; 

Fig. 13 is a schematic representation of an ^bodiment of a Raman fiber laser 
system; and 

Fig 14 is a schematic representation of an embodiment of a fiber amplifier system. 

Detailed Description 

Eig.JLShaws an em bod iment of a Raman fiberlaser system 100 including an 
optical fiber 1 1 0 and a laser 120. Laser 120 is configured so that raergy emitted by laser 
120 at a wavelength Xp is coi^led into optical fib^ 1 10. Optical fiber 1 10 has a first 
section 130 having a gain medium containing an active material and a second section 140 
having a gain medium containing a different active material. Examples of active 
materials include Ge02, P2OS, SiOa, B2O3, SiOxFy» and the like. Sections 130 and 140 of 
optical fiber 1 10 are spliced together at region ISO. 

Figs. 2A and 2B are cross-sectional views of sections 130 and 140, respectively* 
of optical fiber 1 10. As shown in Fig. 2A, section 130 has a gain medium 210 containing 
an active material, a cladding 220 (e.g., a fused silica layer) and an additional layer 230 
(e.g., a polymer layer). As shown in Fig. 2B, section 140 has a gain medium 215 
containing an active material, a cladding 22S (e.g., a fused silica layer) and an additional 
layer 235 (e.g., a polymer layer). Although Figs. 2A and 2B show a particular design of 
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Optical fiber 110, other designs of appropriate optical fibers are known to those skilled in 
the art and are contemplated. 

Referring to Fig. 1, optical fiber 1 10 also includes a first pair of reflectors 160 and 
170 (e.g., a pair of fiber Bragg gratings), and a secondpair of reflectors 180 and 190 
(e.g., a pair of fiber Bragg gratings). Reflectors 160 and 170 are designed to reflect 
substantially all (e.g., about 100%) energy impinging fiiereon at a wavelength %su where 
Xsr^= " Raman Stokes shift frequency for the active material in gain 

medium 210, and c is the speed of light. 

Reflector 180 is designed to reflect substantially all (e.g., about 100%) energy 
impinging thereon at wavelength A«r, and reflector 190 is designed to reflect a portion 
(e.g., less than about 98%, less than about 95%, less than about 90%, less than about 
80%, less than about 70%, less than 60%, less than about 50%, less than about 40%, less 
than about 30%, less than about 20%, less than about 10%) of energy impinging thereon 
at wavelength Xsr, \^ere Xsi = - and (c/V) is the Raman Stokes shift frequency 
for the active material in gain medium 215. 

Section 130 of optical fiber 110 fiirther includes a reflector 310 (e.g., a fiber 
Bragg grating). Refle ctor 310 isdesigned to reflect substantially all (e.g., about 100%) 
energy propagating in section 130 at Xp, which reduces (e.g., eliminates) the propagation 
of energy at in section 140 of fiber 110. 

Section 130 of optical fiber 110 also includes a suppressor 410. Suppressor 410 is 
designed to suppress the foimation of higher order Raman Stokes shifts for the active 
material m section 1 30 of fiber 1 1 0 (e.g., one or more of Xs2, Xs3> h^, etc.). 

With this arrangement, as energy at wavelength enters optical fiber 1 10, the 
energy propagates through section 130 until it impinges upon reflector 310, where it is 
reflected and propagates through section 130 in the reverse direction so that substantially 
no energy at wavelengtii Xp enters section 140 of fiber 110, Reflector 310 can increase 
the amoimt of energy at Xsi propagating in fiber 110 (relative to an otherwise 
substantially similar system witiiout reflector 3 10) by increasing the effective optical 
length of energy at Xp in section 130 of fiber 110, which, in turn, can increase the amount 
of energy at Xsr propagating in section 140 of fiber 1 10 (see discussion below). Reflector 
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310 can also decrease the fonnation of energy at wavelength A^, where V* = V* ' ^ * 
(see discussion below). 

As energy at wavelengOi Xp propagates through section 130 in the forward and 
reverse directions, it creates energy at wavelength . Energy at wavelength Xs\ 
propagates through sections 130 and 140 until it reaches reflector 170 where it is 
reflected by reflector 1 70. Energy at wavelength \s\ then propagates through sections 
140 and 130 in the reverse direction until it reaches reflector 160 where it is reflected 
forward through sections 130 and 140. Energy at wavelength continues to propagate 
in fiber 110 m the forward and in reverse directions between reflectors 160 and 170. 

As energy at wavelength Xs\ propagates through section 130 of fiber 1 10, it can 
impinge upon suppressor 410, which reduces (e.g., substantially eliminates) the transfer 
of energy at wavelength Xs\ to energy at wavelength 'ka (and/or energy at higher order 
Raman Stokes shifts for the active material in gain medium 210). In.some embodiments, 
suppressor 410 is a long period gratings (LPG) having a resonance fiequency of (cAs2)» 
where X^'^^ - The LPG can couple energy at wavelength ^2 that unpinges 
thereon out of gain medium 210 and into cladding 220. Cladding 220 can be formed of a 
material ^.g^^fused silica) that dissipates energy at relatively quickly. This can 
oppress the power of wave propagating in fiber 110, which conespondingly can 
suppress flie formation of energy at higher order Raman Stokes shifts propagating in fiber 
110. The suppression of higher order Raman Stokes shifl(s) can result in fiber 1 10 
having a higher power of wave Xsi propagating therein relative to a substantially similar 
syst^ without suppressor 410. This, in turn, can increase the amount of energy at T^v 
propagating in section 140 of fib^ 110 (see discussion below). 

As energy at wavelength X^i propagates through section 140 of fiber 1 10, it 
creates energy at wavelex^ T^v. Energy at wavelength Xsv propagating in section 140 in 
the reverse direction is reflected by reflector 1 80 and flien propagates through section 140 
in the forward direction. Energy at wavelength 7^v propagating through section 140 in 
the forward direction impinges on reflector 190. Some of the energy at wavelength A«v 
impinging on reflector 190 is reflected by reflector 190 and then propagates through 
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section 140 in the reverse direction, and some of the energy at wavelength Xsi' impinging 
on reflector 190 passes through reflector 190 and exits fiber 110. 

Optical fiber 1 10 can convert energy entering fiber 1 10 at wavelength Xp to energy 
exiting fiber 1 10 at wavelength 7^v with relatively high efficiency. In certain 
embodiments, fiber 1 10 can convert at least about 33% (e.g., at least about 40%, at least 
about 45%, at least about 50%, at least about 55%, at least about 60%, at least about 65%, 
at least about 70%, at least about 75%, at least about 80%, at least about 85%, at least 
about 90%, at least about 95%, at least about 98%) of the energy entering fiber 1 10 at 
wavelength to energy exiting fiber 1 10 at wavelength l^y. 

Optical fiber 1 10 can convert energy entering fiber 1 10 at wavelength Xp to energy 
exiting fiber 1 10 at wavelengths other than X«i* with relatively low efficiency. In certain 
embodiments, fiber 1 10 can conv^ at most about 45% (e.g., at most about 40%, at most 
about 35%, at most about 30%, at most about 25%, at most about 20%, at most about 
15%, at most about 10%, at most about 5%, at most about 2%) of the energy ent^g 
fiber 1 10 at wavelength 7^ to energy exiting fiber 1 10 at wavelengths other than Xsr. 

Without wishing to be bound by theory, it is believed that these characteristics of 
fiber 110 can be explained using the following system of nonlinear differential equations. 



dz 



The indices and ' represent propagation m fiber 1 10 fit>m left to right and fix>m 
right to left, respectively. IpJ^s, ' represent the intensities of energy 

propagating in fiber 1 10 at wavelengths Xp, Xsi and Xsis respectively. Op, ai and ay are 
the loss coefficients of energy propagating in fiber 1 10 at wavelengths Xp, X^i and Xsis 
respectively, due to, for example, imperfections, scattering and/or splicing in fiber 110. 
gp» gi and^r are the Raman gain coefficients, respectively, of energy propagating in fiber 
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1 10 at wavelengths ^, Xsx and 7^y, respectively, due to power gain via stimulated Raman 
scattering (SRS). g'\ is the Raman gain coefficient for the transfer of energy firom Xsi to 
^r- g'\ - (^i'A«i)(Asi'/AsO(giO» where is the effective area of the mode at 
wavelength X«z. 

It is believed that for fiber 110 the second equation noted above can be decoupled 
into two systems of equations, with each system of equation being without a g'\ term. 

The first system of equations, which is believed to describe the propagation of 
energy in section 130 of fiber 1 10, can be written as: 



The second system of equations, which is believed to describe the propagation of 
energy in section 140 of fiber 1 10, can be written as: 



= Sill ^i^Z +^Z)~ aJl = 

Appropriate boundary conditions for a wave lui at splice point ISO are believed to 



be: 



It =7* and/: =7r 



Figs. 3A-3C are graphs of the calculated (based on the above-noted equations) 
energy distribution at wavelengths Xp, Xsi and %sv, respectively, for fiber 1 10 in which 
section 130 is 100 meters long and the active material in the gain medium of section 130 
is Ge02, and in which section 140 is 20 meters long and the active material in the gain 
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medimn of section 140 is P2O5. Reflectors 160 and 170 reflect 100% of energy 
impinging thereon at wavelength X^i, Reflector 180 reflects 100% of energy impinging 
thereon at wavelength Xsv, and reflector 190 reflects about 80% of energy impinging 
thereon at wavelength XsV* The power at wavelength Xp is 3 Watts upon entering optical 
fiber 1 10. Reflectors 180 and 310 are disposed immediately adjacent point ISO. 

Fig. 3 A shows that the power of Xp decreases as it propagates across section 130 
from a value of three Watts upon entering fiber 110 to a value of about 0.5 Watt at point 
150. The power of continues to decrease as it propagates in the reverse direction firom 
point 150, reaching a value of about 0.1 Watt at the end of fiber 1 10 where the pump 
energy enters fiber 110. 

Fig. 3B shows that the power of Xsi increases as it propagates in the forward 
direction across section 130, starting at a value of about 2.3 Watts at the point where the 
pump energy enters fiber 1 10 and obtaining a value of about 3.5 Watts at point 150. The 
power of Xsi increases as it propagates in the reverse direction, starting at a value of about 
0.4 Watts at point 150 and obtaining a value of about 2.3 Watts at the point where the 
pump energy enters fiber 110. . 

A portion of the energy at wavelength Xsi propagating in section 140 in both the 
forward and reverse directions is transferred to energy at wavelength X^y. As a result, the 
power of Xsidecreases as energy at wavelength X^i propagates in both the forward and 
reverse directions through section 140 (Figs. 3B and 3C). 

Fig. 3C shows that the power of Xsr increases as it propagates in the forward 
direction across section 140 Scorn a value of about 10.8 Watts at pomt 150 to a value of 
about 12 Watts at the end of fiber 1 10. The power ofhv increases as it propagates across 
section 140 bom a value of about 9.6 Watts at the end of fiber 1 10 to a value of about 
10.8 Watts at point 150. 

Fig. 4 shows an embodiment of a Raman fiber laser system 400 in which reflector 
3 1 0 is not present in optical fiber 1 1 0. Eliminating reflector 310 may be desirable, for 
example, when the power of wave Xp is sxifficiently low enough at point 150 that the 
amount of energy created at Xy does not substantially interfere with the desired 
performance of the system. 
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Fig. 5 shows an embodiment of a Raman fiber laser system SOO in which 
suppressor 410 is not present in optical fiber 110. Eliminatmg suppressor 410 may be 
desirable, for example, when the power of wave Xsi is sufficiently low enough in section 
130 of fiber 1 10 that the amoxmt of energy created at Xs2 (and/or energy at higher order 
Raman Stokes shifts for the active material in gain medium 210) does not substantially 
interfere with the desired performance of the system. 

Fig. 6 shows an embodiment of a Raman fiber laser system 600 in which neither 
reflector nor suppressor 41 0 are present in optical fiber 110. 

Fig. 7 shows an embodiment of a Raman fiber laser system 700 that includes a 
suppressor 710 in section 140 of optical fiber 1 10. Siq)pressor 710 is designed to 
suppress the formation of energy at higher order Raman Stokes shifts for the active 
material in gain medium 2 1 5 (e.g., energy at one or more of A^s Xs3s Xs4', etc.). 
Suppressor 71 0 can be, for example, an LPG having its resonance firequency at (c/X^-). 
where Xsr '^^ hv^ - V"^ . The presence of suppressor 710 in section 140 may be 
desirable, for example, when the power of wave ^i* in section. 140 is sufficiently high 
that the power of wave XsT (and/or energy at higher order Raman Stokes shifts for the 
active material in gain medium 215) that would form in section 140 iii the absence of . 
suppressor 710 would substantially interfere with the desired performance of the system. 
System. 700 can optionally include reflector 310 and/or suppressor 410. 

While the systems represented in Figs. 1 and 3-7 have shown reflectors and/or 
suppressor(s) having particular locations within optical fiber 1 10, it is to be understood 
fiiat diese components can have different locations (relative locations and/or absolute 
locations) within fiber 110. For example, the relative positions of reflectors 170 and 190 
can be reversed. As another example, reflector 3 10 can be located in section 140 of fiber 
110. As an additional example, reflector 180 can be disposed in section 130 of optical 
fiber 1 10 (e.g., to the right or left of pomt 150), and/or reflectors 170 and/190 can be 
disposed to the right of section 140 (e,g., m another section of fiber spliced to the right of 
section 140 of fiber 110). Combinations ofthese configurations can be used. Other 
locations of reflectors and/or suppressor(s) in fiber 1 10 are also contemplated. 
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Fig. 8 shows an embodiment of a Raman fiber laser system 800 having an optical 
fiber 810. Optical fiber 810 has a first section 130 having a gain medium containing an 
active material, and a second section 140 having a gain medium containing an active 
material that can be different than the active material contained in the gain medium of 
section 130, and a third section 820 having a gain medium containing an active material 
that can be different than the active material contained m the gain medium of section 140. 
The active inaterial in the gain medium of section 820 of fiber 810 can be the same as or 
differ^t than the active material in the gain medium of section 130 of fiber 810. 
Sections 1 40 and 820 are spliced together at region 850. 

Optical fiber 810 includes pairs of reflectors 160 and 170, 180 and 195, and also . 
includes a pair of reflectors 830 and 840 (e.g., a pair of fiber Bragg gratings). Reflector 
195 (e.g., a fiber Bragg grating) is designed to reflect substantially, all (e.g., about 100%) 
energy at ^1*. Reflector830isdes^gnedtoreflectsubsta^tiallyall(e.g., about 100%) 
energy at >vavelength Xsi", and reflector 840 is designed to reflect a portion (e.g., less than 
about 98%, less than about 95%, less than about 90%, less than about 80%, less than 
about 70%, less than 60%, less than about 50%, less than about 40%, less than about 
30%, less than about 20%, less than about 10%) of energy at wavelength X^i", where Xsi""' 
= - V* and (cAt") is the Raman StoJkes fi-equency shift for tiie active material m the 
gain medium section 820 of fiber 810. 

With this arrang^ent, as energy at 7^ enters optical fiber 810, the energy 
propagates through section 130 and creates en^gy at wavelength Xsi. Energy at Xsi thro 
propagates through sections 130 and 140 in the forward direction until it reaches reflector 
1 7.0 where it is reflected backward through sections 140 and 130. Energy at Xs\ then 
propagates through sections 140 and 130 in the reverse direction until it reaches reflector 
160 where it is reflected forward through sections 130 and 140. Energy, at Xsi continues 
to propagate in fiber 810 in the forward and reverse directions between reflectors 160 and 
170. 

As energy at A«] propagates through section 140 of fiber 810, it creates energy at 
wavelength Xsr. Energy at 7^v then propagates through sections 140 and 820 in the 
forward direction until it reaches reflector 195 where it is reflected backward through 
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sections 820 and 140. Energy at T^y then propagates through sections 820 and 140 in the 
reverse direction until it reaches reflector 180 where it is reflected forward through 
sections 140 and 820. Energy at 7^v continues to propagate in fiber 810 in the forward 
and reverse directions between reflectors 180 and 195. 

As energy at Xsi* propagates through section 820 of fiber 610, it creates energy at 
wavelength Xsi". Energy at wavelength Xsi" propagating in section 820 in the reverse 
direction is reflected by reflector 830 and then propagates through section 820 in the 
forward direction. Energy at wavelength Xsi" propagating through section 820 in the 
forward direction unpulges on reflector 840. Some of tiie energy at wavelength ^i" 
impinging on reflector 840 is reflected by reflector 840 and then propagates through 
section 820 in the reverse direction, and some of the energy at wavelength Xsi" impinging 
on reflector 840 passes through reflector 840 and exits fiber 810. 

Fig. 9 shows a Raman fiber laser system 900 that mcludes reflector 310 in section 
130 of fiber 810. Fig. 10 shows a Raman fiber laser system 1000 that includes a 
suppressor 410 in section 130 of fiber 810. Fig. 1 1 shows a Raman fiber laser system 
1 100 that includes a suppressor 1 1 10 in section 140 of fiber 810. Suppressor 1 1 10 can 
be, for-^ample^^XPG with a resonance firequency of (c/Xsr)- Fi& 12 shows a Raman 
fiber laser system 1200 having suppressors 410 and 1110, and reflector 310. 

Fig. 13 shows an embodiment of a Raman fiber laser system 1300 that includes a 
suppressor 1310 in section 820 of optical fiber 1 10, Suppressor 1310 is designed to 
suppress the formation of energy at higher order Raman Stokes shifts (e.g., one or more 
of Xs2S Xs3", A^", etc.). Suppressor 1310 can be, for example, an LPG having its 
resonance fi^quency at (cfka-), where Xs2"'* = - . The presence of suppressor 
1310 m section 820 may be desirable, for example, when the power of wave T^x" in 
section 820 is sufBcientiy high that the power of wave ^» (and/or energy at higher order 
Raman Stokes shifts for the active material in the gain medium of section 820 of fiber 
810) that would form in section 820 in the absence of suppressor 1310 would 
substantially interfere with the desired performance of the system. System 1300 can 
optionally include reflector 310, suppressor 410 and/or suppressor 1110. 
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. While Figs. 8-13 show the reflectors and/or suppressor(s) having particular 
locations within optical fiber 810, it is to be understood that these components can have 
different locations (relative locations and/or absolute locations) within fiber 810. For 
example, the relative positions of reflector? 195 and 840 can be reversed. As another 
example, reflector 310 can be located in section 140 of fiber 810. As an additional 
example, reflector 170 can be disposed in section 820 of fiber 810. As a fiirther example, 
reflector 180 can be disposed in section 130 of fiber 810. Combinations of these 
configurations can be used. Other locations of these components in fiber 810 are also 
contemplated. 

While embodiments have been shown in which sections 130, 140 and 820 are 
spliced together, the invention is not limited in this sense. Generally, sections 130, 140 
and/or 820 are spliced together if they are formed of different materials. When sections 
130, 140 and 820 are formed of the same materials, splicing is not required... 

While Raman fiber lasers and Raman fiber laser systems having an optical fiber 
with two or three sections have been described, the invention is not limited to fiiese 
systems. In general, an optical fiber can have N sections, where N is an integ^ (e.g., 2, 
3, 4, 5, 6, 7. 8, 9, 10. 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, etc.). 

Moreover, while Raman fiber lasers and Raman fiber laser systems have been 
described with particular arrang^ents of active material in their respective gain media, 
other arrangements are also possible. In general, each section of the optical fiber can 
have a gain medium with an active material v4iich can be the same or different than the 
active material m the gain medium of the neighboring section(s) of the fiber. In some 
embodiments, all sections of the optical fiber have a gain medium with the same active 
material. In certain embodiments, each section of the optical fiber has a gain medium 
with a different active material ihm the active material in the gain medium of the other 
sections. In some embodiments, the active material in the gain medium of neighboring 
sections can alternate. For example, a three-section optical fiber can be formed in which 
the active material in the gain medium of the first and third sections is file same, and m 
which the active material in the gain medium in the middle section is different. Ofiier 
arrangements are contemplated. 
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Furthennore, while Raman fiber lasers and Raman fiber laser systems have been 
described in which sections of the optical fiber are spliced together, the mvention is not 
limited in this sense. Generally, the sections of fiber are coupled together so that energy 
can propagate therebetween. Typically, the sections of fiber are contiguous. For 
example, in some embodiments, two neighboring sections of the optical fiber can have an 
interferometric connection, hi certain embodiments, two neighboring sections of the 
optical fiber can be connected by a lens (e;g., a Green lens). 

A typical design of aRaman fiber laser having N sections of optical fiber is as 
follows. The section of fiber closest to where the pump energy at wavelength Xp enters 
the fiber has a reflector designed to reflect substantially all (e.g., about 100%) energy at 
Xsx . The section of fiber furthest (the N*^ section of the fiber) fcom where the pump 
energy Xp enters the fiber has three reflectors. One reflector is designed to partially 
reflect energy at Xsin (i.e., the desired wavelength of energy created by the system m the 
N* section of the fiber), where 7^\n^ = XsMn-i)^ - , h\{n-\) is the desired wavelength of 
energy created by the system m the (N-1)* section of the fiber, and (cA^,) is the Raman 
Stokes shift fi-equency for the active material in the section of the fiber. Another 
^eflectorin section N is designed to reflect substantially all (e.g., about 100%) ener^ 
propagating in the N* section at Xsin; The other reflector in section N is designed to 
reflect substantially all (e.g., about 100%) energy propagating in the N* section at Xsi(n.i) 
(i.e., the desired wavelength of energy created by the system in the (N-1)* section of the 
fiber), where Xs\{n-i)^ ^ ^i(n.2)'^ - ^n-i)'* , Xsi(n-2) is the desiredwavelength of energy 
created by the system in the (N-2f section of the fiber, and (cA<n-i)) is the Raman Stokes 
shift fi-equency for the active material in the (N-1)* section of the fiber. 

For any remaining sections of fiber (generically referred to as the M*^ section of 
fiber, where M is an integer greater than one and less than N), each section has two 
reflectors. One reflector is designed to reflect substantially all (e.g.. about 100%) energy 
propagating in the section at wavelength Xsim (i.e., the desired wavelength of energy 
created by the system in the M*** section of the fiber), where 

1) is the desired wavelength of energy created by the system in the (M-l)* section of flie 
fiber, and (cArm) is tiie Raman Stokes shift firequency for the active material in the M* 
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secnon oi me uoer. xne omer reiiecior is aesigaeu iu reixcci suusiauuaiiy au i^e.g., aouui 
100%) energy propagating in the M^^ section at wavelength XsUm-i) (i.e., the desired 
wavelength of energy created by the system in the QAA)^ section of the fiber), where 
^i(m-i)'^ = ^i(m-2)'^ - A^(m-i)'^ ^i(m.2) is the desired wavelength of energy created by the 
system in the (M-Z)*^ section of the fiber and (cA^mTi)) ^® Raman Stokes shift 
frequency for the active material in the (M- 1)**" section of the fiber. 

Each section of fiber can optionally include a suppressor (e.g., an LPG with a 
resonance firequency corresponding to energy at an undesired higher order Raman Stokes 
shift energy). 

The system can optionally include a reflector designed to reflect substantially all 
(e.g., about 100%) energy impinging thereon at wavelength Xp. 

While certain embodiments of a Raman fiber laser havmg N sections of optical 
fiber have been described, it is to be understood fliat the invention is not limited to these, 
embodiments. For example, the relative positioning of the reflectors and/or suppressor(s) 
can be modified (e.g., in a similar manner to that noted above). Ofli^ CTibodunents are 
also contemplated. 

Generally, an optical fiber having N sections can convert energy entering the 
optical.fiber .at.a particular wavelength (e.g., Xp) to energy exiting the optical fiber at a 
different (e.g., wavelength Xsm, where )^i„ is the desired wavelength of energy created by 
the system in the N* section of the fiber) with relatively high efficiency. In certain 
^bodiments, fiber 1 10 can convert at least about 55% (e.g., at least about 60%, at least 
about 65%, at least about 70%, at le^st about 75%, at least about 80%, at least about 85%, 
at least about 90%, at least about 95%, at least about 98%) of the energy entering fiber 
1 10 at one wavelength (e.g., A^,) to energy exiting fiber 1 10 at a different wavelength 
(e.g., Xsin). 

Optical fiber 1 10 can convert energy entering fiber 1 10 at a particular wavelength 
(e.g., Xp) to energy exitmg fiber 1 10 at wavelengths other than a desired output 
wavelength (e.g., at wavelengths other than hu) with relatively low efficiency. In certain 
embodhnents, fiber 1 10 can convert at most about 45% (e,g., at most about 40%, at most 
about 35%, at most about 30%, at most about 2.5%, at most about 20%, at most about 
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15%, at most about 10%, at most about 5%, at most about 2%) of the energy entering 
fiber 1 10 at a particular wavelength (X^) to energy exiting fiber 1 10 at wavelengths other 
than a desired wavelength (e.g., X«in). 

While certain embodiments have been described, the invention is not limited to 
these embodiments. For example, one or more sections of an optical fib^ can be 
substantially devoid of a gain medium having an active materiial. As a further sample, 
the reflectors need not be m the form of fiber Bragg gratings. For example, one or more 
of the reflectors can be a loop mirror, or one or more reflectors can be in the form of a 
coated mirror (e,g., a coated mirror at one or both ends of a section of optical fiber). As 
another example, the suppressor(s) need not be in the form of LPG(s). For example, one 
or more of the suppressors can be in the form of gratings (e.g., short period gratings) that 
are substantially nonperpendicular to the length of ttie fiber along which energy 
propagates. In these embodunents, the angle and/or period of the gratings can be selected 
to scatter one or more wavelengths of interest (e.g., one or more higher order Raman 
Stokes shift wavelengths). As an additional example, the type of laser used for pumping 
can be varied. Examples of lasers that can be used include semiconductor diode lasers 
(e,g,,.high.power semiconductor diode lasers), double clad doped fiber lasers, 
conventional firee space coiq>led lasers, and the like. As another example, various types 
of optical fibers can be used, including, for example, double clad optical fibers and 
polarization maintaining optical fibers. Furthermore, the optical fibers can be formed of, 
for example, silica based materials (e.g., fiised silica based) or fluoride-based materials. 
As yet another example, the relative and/or absolute lengths of one or more of the 
sections of tiie optical fiber can be varied based upon the intended use of the Raman fiber 
laser. 

Moreover, while the fibers and systems have been described as Raman fiber lasers 
and Raman fiber laser systems, those skilled in the art will appreciate that the general 
concepts described can be extended to provide amplifiers and amplifier systems. 
Generally, a fiber amplifier provides gain for energy at a wavelength of interest without 
the use of a lasing cavity (e.g., without a resonator) or with an optical cavity operating 
below lasing threshold. Fig. 14 is a schematic view of an embodiment of a fiber 



20 



wo 02/093704 



PCT/US02/14992 



amplifier system i4UU m which tiber l^UU is used as a signal ampimer. MDer IDUU 
contains multiple sections (e.g., as described above but having at least one section, such 
as the section adjacent the signal output, operating below lasing direshold). To operate at 
below lasing threshold, for example, one or more of the reflectors can be removed from 
fiber ISOO and/or the reflectivity of one or more of the reflectors can be reduced. An 
input signal enters system 1400 via fiber 1 101. Energy source 1201 emits a pump signal 
1301. The input signal in fiber 1 101 and pump signal 1301 are coupled into fiber 1500 
via couple 1*401. Such couplers are known to those skilled in the art. Pmnp signal 1301 
interacts with the active materials) in the sections of fib^ 1500, and the input signal is 
amplified. A device 1900 (e.g., an isolator) separates the amplified input signal firom the 
Stokes shifted pump signal so that the Stokes shifted pump signal travels along fiber 
1 800, and the amplified input signal travels along fiber 1950. While Fig. 14 shows one 
embodiment of fiber 1500 m a fiber amplifier system, other fiber amplifier systems in 
which fiber. 1 500 can be used will be apparent to those of skill in the art. 

Other embodimoits are in the claims. 

What is claimed is: 
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Claims 

1 . A fiber, comprising: 

an optical fiber having a first section and a second section coupled to the 
first section, flie first section having a gain medium including a first active material and 
the second section having a gain medium including a second active material; 

a first reflector disposed in the first section of the optical fiber, the first 
reflector being configured to reflect substantially all energy impinging thereon at a first 
wavelength; and 

a second reflector disposed in the optical fiber outside the first section of 
the optical fiber, the second reflector being configured to reflect substantially all energy 
impinging thereon at the first wavelength. 

2. The fiber of claim 1, wherem the first active material is the same as the 
second active material. 

3^ The^ber of claim 1 , wherein the first active material is different than the 
second active~material. 

4. The fiber of claim 1 , wherein the first and second sections are spliced 
together. 

5 . The fiber of claim 4, wherem the first reflector comprises a fiber Bragg 
grating.. 

6. The fiber of claim 3, wherein the second reflector comprises a fiber Bragg 
grating. 

7. The fiber of claim 6, wherein tiie first active material comprises GeO:. 
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8. The fiber of claim 7, wherein the second active material comprises P2O5. 

9. The fiber of claim 1, wherein the second reflector comprises a fiber Bragg 

grating. 

1 0. The fiber of claim 1 , wherein the first active material comprises GeOa. 

1 1 . The fiber of claim 1 0, whmin the second active material comprises P2O5. 

12. The fiber of claim 1, wherein the first dctive material Comprises P2O5. 

13. The fiber of claim I, fiurther comprising a third reflector disposed in the 
optical fiber. 

14. The fiber of claim 13, wherein the third reflector conq>rises a fiber Bragg 

grating. 

15. The fiber of claim 13, wherein the third reflector is disposed outside the 
first section of the optical fiber. 

16. The fiber of claim 15, wherem the third reflector is between the first and 
second reflectors. 

17. The fiber of claim 13, wherein the third reflector is configured to partially 
reflect energy impinging thereon at a second wavelength different than the first 
wavelength. 

1 8. The fiber of claim 13, wherein the first and second sections are spliced 
together. 
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19. The fiber of claim 13, further comprising a fourth reflector disposed in the 
optical fiber. 

20. The fiber of claim 19, wherein the fourth reflector comprises a fiber Bragg 
grating. 

21 . The fiber of claim 19, wherein the fourth reflector is disposed outside the 
first section of the optical fiber; 

22. The fiber of claim 2 1 , wherein the fourth reflector is between the first and 
third reflectors. 

23. The fiber of claim 19, wherein the fourth reflector is configured to reflect 
substantially all energy impinging tiiereon at the second wavelength. 

24. The fiber of claim 19, wherein the fourth reflector is disposed in the first 
section of the optical fiber. 

25. The fiber of claim 19, wherein the first and second sections are spliced 
together. 

26. The fiber of claim 19, further comprising a fifth reflector disposed in the 
optical fiber. 

27. The fiber of claun 26, wherein title fifth reflector comprises a fiber Bragg 
grating. 

28. The fiber of claim 26, wherein the fifth reflector is disposed in the first 
section of the optical fiber. 
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29. The fiber of claim 28, wh^in the fifth reflector is between the first and 
fourth reflectors. 



30. The fiber of claim 26, wherein the fifth reflector is configured to reflect 
substantially all energy impinging thereon at a second wavelength different than the first 
wavelmgth 

3 1 . The fiber of claim 26, wherein the first and second sections are spliced 
together. 

32. The fiber of claim 26, ftirther comprising a suppressor disposed in the 
optical fiber, the suppressor bemg capable of substantially suppressing the propagation of 
energy within the optical fiber at a wavelength corresponding to a higher order Raman ^ 
shift wavelength than the furst wavelength. 

33. The fiber of claim 32, wherein tiie suppressor is disposed in the first 
section of the optical fiber. 

34. The fiber of claim 33, wherein the suppressor is betw;een the first and fifBi 
reflectors. 

- • • * 35. The fiber of claim 32, wherein the suppressor comprises long period 
gratings. 

36. The fiber of claim 32, wherein the first and second sections are spliced 
• together. 



37. The fiber of claim 32, wherein the first active material comprises GeO^. 

38. The fiber of claim 38, wherein the second active material comprises P2O5. 
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39. The fib^ of claim 32, wherein the second active material comprises P2OS. 

. 40. The fiber of claim 1 , further comprising a third reflector disposed in the 
first section of the optical fiber and between the first and second reflectors, the third 
reflector being coi^gured to reflect substantially all energy impinging thereon at a 
second wavelength difTerent than the first wavelength. 

41. The fiber of claim 1, further comprising a suppressor disposed in the first 
section of the optical fiber and between the first and second reflectors, the suppressor 
being capable of substantially suppressing the propagation of energy , within the optical 
fiber at a wavelength corresponding to a higher order Raman shift wavelength than the 
first wavelength. 

42. The fiber of claim 41 , whmin the suppressor comprises long period 
gratings. 

43. The fiber of claim 1, wherein the first and second sections of the optical 
fiber are contiguous. . . . 

44. The fiber of any of the precedmg claims, wherein the fiber is configured to 
be a fiber laser. 

45. The fiber of any of claims 1-43, wherein the fiber is configured to be a 
fiber amplifier. 

46. A system, conq)ri5ing: 

an energy source capable of emitting energy at a pump wavelength; and 
a fiber, comprising: 
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an optical fib^ having a first section and a second section coupled to the 
first section; the first section having a gain medium including a first active material and 
the second section having a gain medium includmg a second active material; 

a first reflector disposed in the first section of the optical fiber, the 
first reflector being substantially totally reflective at a first wavelength; and 

a second reflector disposed in fiie optical fiber outside the first 
section of the optical fiber, the second reflector being substantially totally reflective at a 
second wavelength, 

wherdn the energy source and the optical fiber are configured so that energy at 
the pump vravelength emitted by the energy source can be coupled into the optical fiber. 

47. The system ofclaim 46, wherein the energy source comprises a laser. 

48. The system ofclaim 47, wherein the energy sources is capable of lasing at 
the pump wavelength. 

49. The system of claim 46, wherein the first material is the same as the 
second material. 

50. The system ofclaim 46,.wherein the first active material is different than 
the second active material. 

5 1 . The syst^ of any of claims 46-50, wherein the fiber is configured to be a 
fiber laser. 

52. The system of any of claims 46-50, wherein the fiber is configured to be a 
fiber amplifier. 

53. A fiber, comprising: 
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an optical fiber having a first section and a second section spliced to the 
first section, the first section having a gain medium including a first active material and 
the second section having a gain medium including a second active material diSerent 
than the first active material; 

a first reflector disposed in the first section of the optical fiber, the first 
reflector being configured to reflect substantially all energy impinging thereon at a first 
wavelength; 

a second reflector disposed in the second section of the optical fiber, the 
second reflector being configured to reflect substantially all energy unpinging thereon at . 
the first wavelength; 

a third reflector disposed in the second section of the optical fiber, the 
third reflector being configured to partially reflect energy impinging thereon at a second 
wavelength different than the first wavelength; and 

a fourth reflector disposed in the second section of the optical fib^ and 
between flie first and third reflectors, the fourth reflector bemg configured to reflect 
substantially all energy impinging thereon at the second wavelength. 

54. The fiber of claim 53, fiirther comprising a fifth reflector in the first 
section of the optical fiber and between the first and fourth reflectors, the fifth reflector 
being the third reflector being configured to reflect substantially all energy impinging . 
thereon at a third wavelength different than the first and second wavelengths. 

55 . The fiber of claim 54, fiirther comprising a suppressor in the first section 
of the optical fiber and between the first and fifth reflectors, the suppressor being capable 
of substantially siq>pressing the propagation of energy within the optical fiber at a 
wavelength corresponding to a higher order Raman shift wavelength than the first 
wavelength. 

56. The fiber of claim 55, wherein the first active material, comprises P2O5. 
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57. The fiber of claim 55, wherein the first active material comprises Ge02. 

58. The fiber of claim 57, wherein the second active material comprises P2O5. 

59. The fiber of claim 58, wherein the first and second sections of the optical 
fiber are spliced together. 

60. The fiber of claim 58, wherein the first and second sections of the optical 
fiber are contiguous. 

61 . The fiber of claim 53, fiirther comprising a suppressor in the first section 
of the optical fiber and between the first and fifth reflectors, the suppressor being capable 
of substantially suppressing the propagation of energy within the optical fiber at a 
wavelength corresponding to a hi^er order Raman shift wavelength than the first 
wavelength. 

62. . The fiber, of claim 53, wherein the first active material comprises Ge02. 

63. The fiber of claim 62, wherein the second active material comprises P2O5. 

64. The fiber of claim 53, wherein the first active material comprises P2O5. 

65. The fiber of claim 64, wherein tiie second active material comprises Ge02. 

66. The fiber of claim 53, wherein the first and second sections of the optical 
fiber are spliced together. 

67. The fiber of claim 53,wherein the first and second sections of the optical 
fiber are contiguous. 
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68. . The system ofanyofclaims 53-67, wherein the fiber is configured to be a 
fiber laser. 

69. The system of any of claims 53-67, wherein the fiber is configured to be a 
fiber amplifier. 

70. A fiber laser system, comprising: 

an energy source capable of emitting energy at a pump wavelength; and 
a fiber, comprising: 

an optical fiber havmg a first section and a second section spliced 
to the first section, the first section having a gain medium mcludmg a first active material 
and the second section having a gain medium including a second active material different 
than the first active material; 

a first reflector disposed in the first section of the optical fiber, the 
first reflector being configured to reflect substantially all energy impinging thereon at a 
first wavelength; 

a second reflector disposed in the second section of the optical 
fiber, the second reflector being configured to reflect substantially all energy impuigmg 
thereon at the first wavelragth; 

a third reflector disposed in the second section of the optical fiber, 
the third reflector being configured to partially reflect energy impinging th^eon at a 
second wavelength different than the first wavelength; and 

a fourOi reflector dispo$ed in the second section of the optical fiber 
and between the first and tiiird reflectors, the fourth reflector being configured to reflect 
substantially all energy impinging thereon at the second wavelength 

wherein the energy source and the optical fib^ are configured so that energy at 
the pump wavelength emitted by the energy source can be coupled into the optical fiber. 

7 1 . The system of claim 64, wherein the energy source comprises a laser. 
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72. The system ofclaim 65, wherein the energy source is capable of lasing at 
the pump wavelength. 

73. The system of any of claims 70-72, wherein the fiber is configured to be a. 
fiber laser. 

74. The system of any of claims 70-72, wherein the fiber is configured to be a 
fiber amplifier. 

75 . A fiber, comprising: 

an optical fiber having N sections, the N sections being coupled together,- 
at least one of the N sections of the optical fibo: having a gain medium with an active 
material; and 

a plurality of reflectors disposed in the optical fiber, 

wherein N is an integer having a value of at least three. 

76. The fiber ofclaim 75, wheremN is three. 

77. The fiber ofclaim 75, wherein N is four. 

78. Thefiberofclaim75, wherein N is five. 

79. The fiber ofclaim 75, wherein N is six. 

80. The fiber ofclaim 75, wherein at least two of the N sections of the optical 
fiber have a gain medium with an active material. 

81. The fiber ofclaim 80, wherein the active material in one of the at least two 
of the N sections of the optical fib^ is different than an aictive material of another of the 
N sections of the optical fiber having a gain medium. 
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82. The fiber of claim 75, wherein each of the N sections of the optical fiber 
have a gain medium with an active material. 

83. The fiber of claim 75, wherein the optical fiber has a first section with an 
end configured to receive energy at a wavelength V fiie first section of the optical fiber 
having a first reflector disposed therein, the first reflector being configured'^to reflect 
substantially all energy impinging thereon at a wavelength Xsi, where Xsf'^ • ^ 
(cAfi) is the Raman Stokes shift fi:equency for an active material in a gain medium in the 
first section of the optical fiber, and c is the speed of light. 

84. The fiber of claim 83, wherein the optical fiber has .an section with an 
end opposite the end of the first section, the section of the optical fiber having a first 
reflector disposed therein, the first reflector being configured to reflect substantially all 
energy impinging th^eon at a wavelength ^in, where Xsin^= hnn-x)^ - and (cA^) is 
the Raman Stokes shift firequency for an active material in a gain medium in the 
section of the optical fiber. 

85. The fiber of claim 84, wherein the N* section of the optical fiber has a 
second reflector disposed therein, the second reflector being configured to partially 
reflect energy impinging thereon at the wavelength A«in. * 

86. The fiber of claim 85, wherein the section of the optical fiber has a 
third reflector disposed therein, the third reflector bemg configured to reflect substantially 
all energy impinging thereon at tfie wavelength A«i(n-i), where Xsi(n-i)'* = ^i(n-2)'^ - ?^n.i)'^ , 
and (cAr(n-i)) is the Raman Stokes shift firequency for the active material in the (N-1)^^ 
section of the fiber. 

87. The fiber of claim 86, wh^ein each of the remaining sections of the 
optical fiber has two reflectors disposed therein, one of the reflectors disposed in each of 
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the remaining sections of the optical fiber being configured go reflect substantially all 
energy impinging thereon at a wavelength X^i^, where %s\m^ = ^Hm-x)^ - W\ ^um-i), and 
(cAfirO is the Raman Stokes shift fi:^uency for an active material in the section of the 
fibo*. 

•< • 

88. The fiber of claim 87, wherein the other of ^e reflectors disposed in each 
of the remaining sections of the optical fiber is coi^gured to reflect substantially all 
energy impinging thereon at a wavelength \si(m-i), where ^i(m.i)'^ = ^i(m-2)"^ - ^m-i)''» and 
(o/KimA)) is the Raman Stokes shift firequency for an active material in an immediately 
preceding section of the optical fiber. 

89. The fiber of claim 88, wherein each of the remaining sections of the 
optical fiber has two reflectors disposed therein, one of the reflectors disposed in each of 
the remaining sections of the optical fiber being configured go reflect substantially all 
energy impinging thereon at a wavelengfli Xsim, where Isim^ = XsHn^i)^ - W\ and 
(cAfm) is the Raman Stokes shift frequency for an active material in the section of the 
fiber. 

90. The fiber of claim 89, wherein the other of the reflectors disposed in each 
of the remaining sections of the optical fiber is configured to reflect substantially all 
energy impingmg thereon at a wavelength X«i(m-i), where Xsi(n»-i)'^ = 'KsXim-i)^ - Wi)"^ . 
{clK(jm-\)) is the Raman Stokes shift fi:equency for an active mat^al in an immediately 
preceding section of the optical fiber. 

91. The fiber of any of claims 75-90, wherein the fiber is configured to be a . 
fiber laser. 

92. The fiber of any of claims 75-90, wherein the fiber is configured to be a 
fiber amplifier. 
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93. A fiber system, comprising: 
an energy source; and 

a fiber, comprising: 

an optical fiber having N sections, the N sections being coupled together, 
at least one of the N sections of the optical fiber having a gain medium with an active 
material; and 

a plurality of reflectors disposed in the optical fiber, 
wherein N is an integer having a value of at least three, and the energy source and 
the optical fiber are configured so that ^ergy at a wavelength emitted by the energy 
source can be coupled into the optical fiber. 

94. The system of claim 93, wh^in the fiber is configured to be a fiber laser. 

95. The system of claim 93, wherein the fiber is configured to be a fiber 
amplifier. 

96. A fiber laser, comprising: 

an optical fiber having at least first and second sections coupled together, 
th6 first section having a first gain medium with a first active material, the second section 
having a second gain medium with a second active material, the optical fib^ being 
configured to be capable of receiving energy at a first wavelength and to be capable of 
outputting energy at a second wavelength longer than the first wavelength; and - 

a plurality of reflectors disposed in the optical fiber, the plurality of optical 
fibers being configured so that energy propagating in the optical fiber at the first 
wavelength undergoes at least one Raman Stokes shift to create energy in the optical fiber 
at the second wavelength, and so that, when the optical fiber receives energy at the first 
energy, a power output by the optical fiber at the second wavelength is at least about 55% 
of a power of the energy the optical fiber receives at that first wavelength. 
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97. The fiber laser of claim 96, wherein the first active material is the same as 
the second active material. 

98. The fiber laser of claim 96, wherein the first active material is different 
than the second active material. 

99. The fiber laser of claim 96, wherein energy propagating in the optical fiber 
at the first wavelength imdergoes at least two Raman Stokes shifts to create energy in the 
optical fiber at the second wavelength. 

100. The fiber laser of claim 96, whereux, when the optical fiber receives 
energy at the first enCTgy, a power output by the optical fiber at wavelengths other than 
the first and second wavelengths is at most about 45% of the power of the energy the 
optical fiber receives at that first wavelength. 

101. The fiber laser of claim 96, wherein the first and second sections are 
directly coupled together. 

102. The fiber laser of claim 96, wherein the first and second sections, are • 
spliced togeflier. 

103. The fiber laser of claim 96, wherein energy propagating in the optical fiber, 
at the first wavelength undergoes a Raman Stokes shift based interaction with the active 
material contained in the gain medium of the first section of the optical fiber to form 
energy at a first interaaediate wavelength, and energy at the first intennediate wavelengtii 
undergoes a Raman Stokes shift based on interaction with the active material contained in 
the gain'medium of the second section of the optical fiber to form a second intennediate 
wavelength. 
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104. The fiber laser of claim 103, wherein the second intermediate wavelength 
is the same as the second wavelength. 

105. The fiber laser of claim 103, wherein energy propagating in the optical . 
fiber at the second intermediate wavelength undergoes additional Raman Stokes shifts to 
form energy at the second wavelength. 

106. An article^ comprising: 

an optical fiber having multiple sections, with at least two of the multiple 
sections having gain media containing different active materials. 

The article of claim 106, wherein the optical fiber is configured as a fiber 
The article of claim 106, wherein the optical fiber is configured as a fiber 



107. 
amplifier. 

108. 
laser. 



109. "A system, comprising: 

an energy source capable of emitting energy at a pump wavelength; and 
a fiber amplifier, comprising: 

an optical fiber having a first section and a second section coupled to the 
first section; the first section having a gain medium including a first active material and 
the second section having a gain medium including a second active material, 

wherein the energy source and die optical fiber are configured so that enei^y at 
the pump wavelength emitted by the raergy source can be coupled into the optical fiber. 

110. The system of claim 109, wherein the first active material is the same as 
the second active material. 
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111. The system of claim 1 1 0, wherein the first active material is different than 
the second active material. 

112. The system of claim 110, wherein the mergy source comprises a laser. 

1 13. The system of claim 112, wherem the energy sources is capable of lasing 
at the first wavelength. 

.114. A fiber amplifier, comprising: 

an optical fiber having N sections, the N sections being coupled together, 
at least one of the N sections of the optical fiber having a gain medium with an active 
material, 

wherein N is an integer having a value of at least three. 
-1 1 5. The fiber amplifier of claim 1 1 4, wherein N is three. 
_ . . 116. The fiber amplifier of claim 1 14, wherein N is four. 

117. The fiber amplifier of claim 1 14, wherein N is five. 

1 1 8. The fiber amplifier of claim 1 14, wherein N is six. 

1 19. The fiber amplifier of claim 1 14, wherem at least two of the N sections of 
the optical fiber have a gain medium with an active material. 

1 20. The fiber amplifier of claim 1 1 9, wherein the active material in one of the 
at least two of the N sections of the optical fiber is different than an active material of 
another of the N sections of the optical fiber having a gain medium. 
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121. The fiber amplifiCT of claim 1 14, wherein each of the N sections of the 
optical fiber have a gain medium with an active material. 
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